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NCDATA - Nuclear Collision Data for Nucleon-Nucleus
Collisions in the Energy Range 25 to 400 MeV

R. G. Alsmiller, Jr. and J. Barish¥

Abstract

A computer code written in FORTRAN IV is described which interpolates
between analytic fits to intranuclear-cascade data and gives for either
neutrons or protons, in the energy range 25 to 400 MeV, incident on a nuc-
leus of atomic weight A (between 12 and 238):

1. the nonelastic cross section as a function of energy,

2. the cascade neutron- and proton-emission spectra in

the angular intervals 0-30°, 30-60°, 60-90°, and 90-180°,
3. the evaporation neutron- and proton-emission spectra
(assumed isotropic), and
4, the cascade neutron- and proton-emission spectra integrated
over all angles.
In addition to numerical values for each of these guantities, the code also
gives the wvalues of the coefficients that occur in an analytic expression

for each of these quantities.

¥Computing Technology Center, Union Carbide Corporation, Oak Ridge,
Tennessee.




I. INTRODUCTION

Using an intranuclear-cascade model, H. W. Bertini has generated
a large amount of data on the nonelastic cross section and the energy
and angular distributions of emitted neutrons and protons when neutrons
or protons in the energy range 25 to 40O MeV are incident on a variety

2 Ina previous paper3 (hereinafter referred to as 3)

of targets.l’
analytic fits to these intranuclear-cascade data were given. In this
report a code, written in FORTRAN IV, is described which interpolates
between these analytic fits and gives cross sections and particle-
emission spectra for incident particle energies and target elements
not given explicitly in 3.% This code treats all incident neutron
and proton energies in the range 25 to 400 MeV and all target nuclei
with atomic weight between 12 and 238. The code does not distinguish
between targets with the same atomic weight but different atomic
numbers; that is, the approximation is made that the cross-section
and particle-emission spectra are independent of the atomic number

of the target. The numerical data given in 3 are included as per-
manent data in the present code, and for those incident particle
energies (25, 50, 100, 150, 200, 250, 300, 350, and 400 MeV) and
atomic weights (12, 16, 27, 52, 65, 100, 140, 184, 207, and 238)
considered in 3 the data supplied by the code are the same as those

given in 3.

¥The code is available on request from the Radiation Shielding
Information Center of the Oak Ridge National Laboratory.



For any nuclecn-nucleus collision in the above-mentioned ranges, the
code is capable of supplying
1. the total nonelastic cross section as a function of energy,
2. the cascade neutron- and proton-emission spectra in the
angular intervals 0-30°, 30-60°, 60-90°, and 90-180°,
3. the evaporation neutron and proton-emission spectra
(assumed isotropic), and
4, the cascade neutron- and proton-emission spectra in-

tegrated over all angles.

In addition to numerical values for each of these quantities, the code also
gives the values of the coefficients which occur in an analytic expression

for each of these quantities.

In section II the method of interpolation is discussed. In section III

the operation of the code is described, and sample results are given.

TI. METHOD OF INTERPOLATION

A. DNonelastic Cross Section

Except for trivial modifications,t the cross-section fits in 3

are of the form

2 o
o(E,A) = EXP[ Z aj(A) (5557 1 - (1)

+In 3 the cross section fits were of the form,

L .
o(E,8) = 155 Bel 1 2, (8) (5" 1 -
The factor of E%—-before the exponential is somewhat superfluous and
has been eliminaged in the code described here: that is, the co-
efficient a 1in the cross-section fits has been redefined to conform
to Eq. 1. OAlso, a coefficient ag, which is, however, always zero,
has been included so all of the fits have the same number of parameters.




To obtain the cross section as a function of incident particle energy

*
for an element of atomic weight A , linear interpolation in the loga-

rithm of the cross section is used. Let Ai and Ai+ be atomic weights

1

for which data are given in 3 such that

*
Ay 2 A A,
Then
log o(m,a%) = % o (a)) ()
j=o
(2)
*
A - A 5 E
Ry Lt - et e
and
* 2 * E J
o(E,A ) = Exp[ ) aJ(A ) (3550 1 > (3)
j=o
where
* -
M A- A
aJ(A ) = aj(Al) + _Ai+1' Ai_. [aj(A1+l) aJ(Ai)] (L)

*
The coefficients aj(A ) may be calculated from Eq. 4, and when this is

done Eq. 3 may be used to calculate the nonelastic cross section as a

function of incident-particle energy.

B. Particle-Emission Spectra

In 3 the cascade-particle-emission spectra in various angular

regions and integrated over all angles are expressed in the form,

Il t~\n
o
=
=
O\/
|

1
F(E,A,E ) = B EXP j By (A-E )SE S By (AED) 5 (5)

where



E _ (A,E ),E

MIN %o (A,E) =

MAX o)

and the evaporation-particle

emitted particle kinetic energy,
atomic weight,

incident particle energy,
minimum and maximum energy,
respectively, for which the

fits are wvalid,

spectra are expressed in the form,

2
E.J
jzo aJ.(A,EO)(‘g—S') EMIN(A,EO) SESEMAX(A’EO)

= EXP

G(E,AE ) = 5

with the same notation as above. In this section the method of in—

terpolation used to find F and G for values of A and EO, not given in
3, is described. Since the interpolation to find G and the interpo-
lation to find F corresponding to a specific angular interval is not
essentially different from the interpolation to find F corresponding
to integration over all angles, only this latter case will be con-

sidered explicitly.

For future reference, we note that

Number of particles emitted at

all angles = C (A,EO)

NUM

(A,E )
- fEMAX ° F(B,AE )aE .

By (A5E,)
In order to carry through the interpolation, it is convenient

to change variables by means of the equations

E - EMIN(A’EO)

EMAX(A’EO)'EMIN(A’EOy

(8)

n:




F(n,A,EO)dn = g F(E,A,EO)dE , (9)
NUM
S0
n=1 E = EMAX(A,EO)
(10)
n=20 E = EMIN(A,EO) R
and
By (5B )= (A,E )
F(n,A,E ) = : “urn 2% F(E,AE) - (11)
NUM B
The function F(n,A,EO) is defined on the interval O to 1 for all
values of EMIN and EMAX and has an integral over this interval which
is independent of A and Eo. In terms of n, Eq. 11 becomes
> ;
F(n,A,E ) = EXP| ) b (4,E )nY] , (12)
o . J o
J=0
where if
- EMIN(A’EO)
Eo
(13)
Eyny (BB ) =By (ASE )
§ = H]
E
o]

then
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= 2 -
bo(A,EO) e ag +eta +ea; tela, +tea a, - log Cpne + log 8
_ 4 3 2
bl(A’Eo) 58 ¢ ac + b § ¢ a, +36dc¢ a, + 28 ¢ a, + 8 2,
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(1k)
_ 3 2 3 3
b3(A,EO) 10 8° ¢ a, + b 83 ¢ a, + ¢ a,
_ 4 Y
bq(A,EO) =54§8* ¢ ag + 8 a,
— &5
bS(A,EO) =8> a,

The interpolation is now carried out using linear interpolation in the
logarithm of F(n,A,Eo).

* *
Let EO and AO be values of incident-particle energy and atomic weight

such that
"o (15)
< <
Eoi - Eo - Toi+l 2
" (16)
Ay 2 A sk 1
where Eoi’ Eoi+l’ A, , and Ai+l are values for which data are given in
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To transform Eg. 18 into energy rather than n, it is necessary to first

* * * * * * * *
find EMIN(A ,E ), EMAX(A ,E ), and CNUM(A ,E ). The values of E._ (A ,E )

MIN
® %
and EMAX(A ,Eo) are obtained by linear interpolation, and the value of
E I
CNUM(A ,E ) is obtained by three-point Lagrangian interpolation. With these

values known, the inverse transformation (see Egqs. 8 and 9) gives

5 .
% % ¥ _¥ . EN\J
F(E,A ,E ) = ji-EXP ) aj(A EO)EE (20)
E J=o E
O O
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E
O
C C C C C
¥ % 5 4 3
aO(A ,EO) = - g% —— e — g3y 2 -2 _ e 1
85 sh §3 §2 s
+ -
CO log § + log CNUM
C o C c
* % 5 4
al(A ,EO) =5 e = L g3 — + 32 —=_2 e — + C1
§° st B §2
C ¢ C C
¥ %
o, (A" B ) =-10e3 =4+6¢e2—-3¢-34+-2 (21)
© 65 gk Y
C C C
*
a,(A,B ) =10e2 =2 - bhe—t4 L
S st 83
o C
a, (A ,E ) =-5¢—=+—
§5  sH
CS
aS(A ,E ) = —=
65

Equation 20, together with the coefficients given in Eq. 21, now

* *
constitutes an analytic expression for F(E,A ,EO).
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IIT. CODE OPERATION

In order to operate the code, the data that must be specified

are:
NCAS = number of cases
AW = atomic weight of target element
EZ = E = incident particle kinetic energy

IP = index specifying the type of incident particle (1 for
incident protons, 2 for incident neutrons)
IM = index specifying the type of emergent particle (1 for

emergent protons, 2 for emergent neutrons)

ITYP = index specifying the type of data desired (1 for cascade
spectra, 2 for evaporation spectra, and 3 for the non-
elasiic cross section).

IANG = index specifying the angular interval desired.

(1 = 0-30°, 2 = 30-60°, 3 = 60-90°, 4 = 90-180°,
and 5 = 0-180°.) (Evaporation spectra are assumed to be

isotropic so for ITYP = 2 only IANG = 5 is allowed.)

F1l,E2 = minimum and maximum values of the energy at which the
cross section is desired. These quantities are used
only when ITYP = 3; when ITYP # 3 the values of El and
E2 are not used. El must always be > 25 MeV and
E2 must always be < 400 MeV.

NE = number of energy points in printed out spectra or

cross section (must be 2 or greater).
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A case is defined to be a specification of a single value for each of
the last nine variables listed above. The first data card must contain the
number of cases, NCAS, in a format I5 and for each case there must be a
data card specifying the nine variables in the order listed above with a
format (2F10.2, 4I5, 2F10.2,I5). In the case of the cross section ITYP = 3,
values of IANG and IM are not required and the place for these variables
on the data card should be blank. In the case of emission spectra, values
of E1 and E2 are not required and the place for these variables on the data
card should be blank. In addition to these input data, the code also re-
quires permanent data which are stored on tape and are referred to as
logical 8 in the source deck.

As an example, Table 1 shows the data cards needed to obtain all avail-

able data from 375-MeV protons incident on iron. There are thirteen cases,

and the information requested by data cards 2 to 1h is:

2. nonelastic cross section between 25 and 400 MeV

3. cascade proton-emission spectrum in the angular interval
0 to 30°

4. cascade proton-emission spectrum in the angular interval
30° to 60°

5. cascade proton-emission spectrum in the angular interval
60° to 90°

6. cascade proton-emission spectrum in the angular interval
90° to 180°

T. cascade proton-emission spectrum in the angular interval

0 to 180°
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8. cascade neutron-emission spectrum in the angular interval
0 to 30°
9. cascade neutron-emission spectrum in the angular interval
30° to 60°
10. cascade neutron-emission spectrum in the angular interval
60° to 90°
11. cascade neutron emission spectrum in the angular interval
90° to 180°
12. cascade neutron-emission spectrum in the angular interval
0 to 180°
13. evaporation proton-emission spectrum
1L. evaporation neutron-emission spectrum.
The output for each of these 13 cases is shown in Tables 2 through
14. At the top of each table the input data are given. Below this, the
values of EMIN, EMAX, and the coefficients to be used in the analytic
expressions (Eqs. 1, 5, or 6) are printed. The analytic expressions
are valid only for EMIN < E < EMAX and should not be used outside of
this range. In the case of emission spectra, EMIN and EMAX are cal-
culated for each case, but in the case of the nonelastic cross section
EMIN is always 25 MeV and EMAX is always L0OO MeV. Below the coeffi-
cients the cross section or the emission spectrum is printed as a
function of energy for the number of energy points specified by NE. It
should be carefully noted that for IANG = 1, 2, 3, or 4 the coefficients
are defined so that the analytic expression gives the energy spectra
averaged over the angular interval, while for IANG = 5 the coefficients

are defined so that the analytic expression gives the energy spectra
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integrated over all angles. Finally, below the emission spectra the code

prints CNUM and EQUT/EO defined by

EMAX
CNUM = 27 (cos8 -cos8,) | F(E) dE
EMIN ITYP = 1
EMAX
EOUT _ 1 IANG = 1,2,3,h
o "/ F(E)E dE
EMIN
EMAX
CNUM = [ F(E) aF
EMIN ITYP = 1
EMAX TANG = 5
EOUT _ 1
B “w i, TEEE
EMIN
EMAX
cvuM = G(E) 4E
EMIN ITYP = 2
pour _ oK e
=5 =/ G(E)E 4E
EMIN

In a few instances in 3, it was found that the intranuclear-cascade
data were too meager to be fitted. 1In the present code when the interpola-
tion formulas to produce a requested set of data involve the use of these
unfitted data, the error message "Sorry but we are unable to fit this in-

terval" is printed and the code proceeds to the next case.
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